An increment of alanine aminotransferase (ALT) or aspartate aminotransferase (AST) in human serum indicates an abnormal symptom of the liver. Hence, an electrochemical biosensor array that uses micro electro mechanical systems technology is required for rapid and integrated measurement of ALT/AST. Here we describe a biosensor array consisting of two glutamate sensors. It turned out that porous silicon layers formed on each working electrode were useful to increase the effective surface area. This biosensor array was constructed with platinum electrodes and a polydimethylsiloxane (PDMS) microchannel. Electrodes in sampling wells minimized a cross-interference effect and permitted multiple sampling by immobilization with glutamate oxidase using a silanization technique. The device sensitivities derived from semi-logarithmic plots were 0.145 A/ (U/l) for ALT and 0.463 A/(U/l) for AST over a range of 1.3 U/l to 250 U/l. Hene, this ALT/AST biosensor array can be applied in diagnostic and home use.
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The measurement of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) present in human serum is important in the diagnosis and monitoring of liver diseases and myocardial infarction. ALT is characteristically present in high concentrations in the extranuclear space of hepatocytes. Hence, elevated serum levels of ALT indicate severe liver diseases viral hepatitis or toxic liver necrosis linked to disruption of hepatic cell membranes. 1) An elevated serum level of AST indicates severe damage to the cells of both liver and heart. Importantly, early detection of a myocardial infarct by monitoring AST helps gauge the extent of the infarction. On average, the serum ALT and AST levels measured in healthy people by optimized ALT and AST assays approximate 10 U/l at 25 C. Any increased enzyme level exceeding 100 U/l is taken to indicate liver disease. 1) While liver disease is the most significant cause of an increased blood ALT level, it also results in an increased AST level.
2) Rapid and accurate detection of these enzymes in the blood space should aid in the diagnosis of these often fatal illnesses. A variety of analytical procedures for the assay of ALT and AST have been proposed, most of them based on relatively complex spectrophotometric and fluorimetric methods. In these methods, extensive instrumentation is not suitable for point-of-care applications or home-use testing. 3) Here we report on the development of an electrochemical biosensor array using micro electro mechanical systems (MEMS) intended to measure levels of ALT and AST. The aim is to design a miniaturized measurement system using electrodes processed by porous silicon (PS) and array technology. While the levels of each catabolic analyte in a biofluid have unique clinical significance, the simultaneous measurement of these enzymes should also provide earlier and more complete information on underlying metabolic disorders. 4) Further, it may be speculated that with continued investigation of the system and increased understanding of enzyme changes in disease, the system can be used as a point-of-care instrument.
Experimental
Reagents. The following reagents and chemicals were used: glutaraldehyde (GA) solution (25% in water) was purchased from Kanto Chemical (Tokyo, Japan); 3-aminopropyltriethoxysilane (APTES, 97%) was from Lancaster Synthesis (Morecambe, England); L-aspartic acid, L-alanine, -ketoglutaric acid disodium salt, pyridoxal-5 0 -phosphate, and bovine serum albumin (BSA) were from SigmaAldrich (St. Louis, MO, USA). AST (E.C. 2.6.1.1, 243 U/mg) and ALT (E.C. 2.6.1.2, 93 U/mg) from porcine heart and glutamate oxidase (GlutOD, E.C. 1.4.3.11) from Streptomyces sp. were from Sigma-Aldrhch. The enzymes were dissolved and diluted using 115 mM saline containing 0.1% (w/v) BSA to provide the sample solutions. The substrate solution for ALT contained 1 M L-alanine, 10 mM 2-oxoglutarate, 13 mM pyridoxal-5 0 -phosphate, 115 mM NaCl, and 100 mM K 2 HPO 4 . The pH of the substrate solution was adjusted to 7.1 by the addition of 25 mM KH 2 PO 4 . The substrate solution for AST contained 27 mM L-aspartate, 18 mM 2-oxoglutarate, 13 mM pyridoxal-5 0 -phosphate, 115 mM NaCl, and 100 mM K 2 HPO 4 . The pH of this solution was also adjusted to 7.1, as above. Five mM of sodium azide was added in each sample solution to minimization of bacterial contamination.
Biosensor array construction. For electrochemical detection of ALT and AST, two glutamate sensors were fabricated. Each sensor was composed of the following three electrodes: (a) a modified Pt electrode with a porous structure as the working electrode, (b) a Pt foil electrode as counter electrode, and (c) an Ag/AgCl electrode as reference electrode. The PS structure of the working electrode was formed by an anodic etching process using a HF:C 2 H 5 OH:H 2 O (1:3:2, v/v) solution at a current density of À6 mA/cm 2 for 10 min. As shown in Fig. 1 , a PS layer was analyzed with a scanning electron microscope (SEM, S-4700, Hitachi, Tokyo). The pore depth and diameter were approximately 250 nm and 100 nm respectively. Not all pores had the same size, but they were evenly distributed and appeared as dark spots relative to the silicon surface. Enzymes were covalently immobilized to Pt thin-film electrodes based on PS substrate according to conventional silanization methods with some modifications. Figure 2 shows the preparation of an enzyme-immobilized Pt electrode. A Pt thin-film electrode used as a working electrode was oxidized to form a hydroxyl layer on the film surface in a mixed solution of 5% K 2 Cr 2 O 7 and 15% HNO 3 for 2 h at 80 C (step 1). Then the electrode surface was thoroughly rinsed with distilled water and blown with N 2 gas to dry. The oxidized electrode was successfully incubated in 2% aqueous solution (pH = 6.8) containing 3-aminopropyltriethoxysilane (APTES) at 37 C for 1 h (step 2), and thoroughly rinsed with water and blown with N 2 gas for drying. The silanized electrode was further incubated in a vacuum oven for 30 min at 120 C to enhance the stability of the silane layer. The electrode was further modified with GA for connection of APTES to the enzyme by exposing the electrode surface to a 25% GA solution for 1 h (step 3). Then the GA-activated electrode was rinsed with water and dried by N 2 gas purging. At the final step, amide bonding between the N-terminal of enzyme molecule and the GA-activated silanized electrode was formed by dipping the electrode in a 50 mM PB solution (pH 7.0) containing enzymes for 24 h (step 4). After the enzymatic layer was formed, the electrode was rinsed with a stream of PB solution to remove residual monomers, and weakly linked enzyme molecules. 5) In general, cross-linking with glutaraldehyde is known to an effective technique to immobilize enzymes, but cross-linking among the enzymes with glutaraldehyde was not applied in this study after the final step due to a decrease in enzyme activity.
6)
Results and Discussion
Preparation of electrochemical ALT/AST biosensor array
This ALT/AST biosensor was developed by immobilizing GlutOD on the Pt electrodes. Figure 3 is a schematic illustration for the structure of GlutODimmobilized Pt electrodes. The ALT, AST, and GlutOD reactions were as follows:
Amperometric assay can be used to determine aminotransfease activities by detecting glutamate with a thinfilm glutamate biosensor. 1) In the above reaction sequence, L-alanine and L-aspartate with -ketoglutarate are converted to L-glutamate, generating pyruvate and oxaloacetate respectively. The L-glutamate generated is oxidized to -ketoglutarate by GlutOD under oxygen consumption and hydrogen peroxide production. Then the H 2 O 2 molecules produced oxidize generating protons, yielding oxygen.
7) The electrons generated are transferred directly to the electrode surface because the distance between the electrode and the enzyme surface is approximately 10 Å . 6) Figure 4 provides cyclic voltammograms (CV) of the Pt thin-film electrodes in the presence and the absence of the enzyme. A phosphate buffered isotonic saline solution at pH 7.0 was used as the electrolyte phase. The scan rate was 50 mV/s, and the potential scan range was between À0:6 and 0.6 V. The background current at the electrode in the presence of the enzyme was bigger than in the absence of the enzyme. As shown in Fig. 4a , there were obvious enzyme redox peaks at around þ0:2 V and À0:2 V, and the electro-active group of enzyme was present in much closer vicinity to the modified electrode, and it provided redox active groups, leading to faster kinetics of enzyme redox on the modified electrode in the case of enzyme immobilization. ‹ Surface oxidation of a Pt thin-film electrode with a mixed solution of 5% K 2 Cr 2 O 7 and 15% HNO 3 , › silanization of a hydroxylated Pt film electrode with APTES, fi formation of imide linkage between the aldehyde group of GA and the amino group of APTES, and fl formation of imide linkage between another aldehyde group of GA and the N-terminal region of GlutOD.
The suggested combination of a silicon wafer chip containing electrodes and a PDMS microchip simplifies the electrophoresis-based biosensors.
9) Indeed, PDMS is useful in analytical microsystems due to its high chemical and mechanical stability and excellent support of electroosmotic flow. Figure 5 shows schematic illustrations of the device (a) and a cross section of the microfluidic system (b). The fabricated chip size was 20 Â 40 mm 2 . In this configuration, the Pt electrodes in the sampling wells minimize cross-interference (Fig. 5b) and permit multiple sample determinations. 4) The inactive sensors were located between the glutamate sensors in order to compensate for electronic noise.
1)
The assembling of these thin film sensors with a silicon substrate performing both electrical and fluidic functions provided an analytical microsystem with a total internal volume of 40 ml and a response time of 20 s. Each of the two analytes could be electrochemically measured by the enzyme electrodes within the reaction chamber. 10) The integration of sample treatment and sensing functions within such a miniaturized device minimizes sample volume but also, thanks to the rapidity, increases the reliability of the analysis performed.

Fig. 3. Schematic Illustration of Electron Transfer Mechanism in a
Silanized Pt Thin-Film Electrode with GlutOD-Immobilization.
The distance between the electrode and the enzyme surface was approximatly 10 Å . In this system, the electrodes are in sampling wells to minimize the cross-interference effect and to permit multiple sample determinations.
Sensitivity of the electrochemical biosensor array
The ALT/AST biosensor array was tested using aqueous samples of the enzymes prepared in a 50 mM phosphate buffer solution. All measurements were performed at room temperature. Amperometric detection of the various sensors was carried out using a VMP40 Multi-Potentiostat (Perkin Elmer International Inc., Wellesley, MA, USA) at a potential of þ0:6 V vs. Ag/AgCl for the biosensors. ALT/AST detection is based on electrochemical oxidation at the Pt electrode surface when hydrogen peroxide is generated on the silanized layer and the enzymatic reaction occurs. Since L-glutamate is a product of the ALT and AST reactions occurring in the buffer solution, the enzyme activities can be determined from the current increase in the L-glutamate sensor. Figure 6 indicates calibration curves for the sensitivities of ALT and AST. The sensitivity determined from the semi-logarithmic plot approximated 0.145 mA/(U/l) (correlation coefficient r = 0.994) for ALT over a range of 1.3 U/l to 250 U/l. For AST, the sensitivity was about 0.463 mA/(U/l) (r = 0.993) in the same concentration ranges as ALT. It has been reported that the sensitivity of glutamate sensors for the measurement of ALT and AST using electrodes with a photo cross-linked pHEMA hydrogel membrane (0:5 Â 0:5 mm 2 ) was approximatly 2.27 and 2.56 pA/(U/l) for ALT and AST respectively.
1) The sensitivities of our biosensor array were higher than those of other array-based biosensors. As for immobilization with hydrogel or nature polymer films, although the procedures are relatively simple, the main shortcomings are swelling and the orientation of the enzymes for random arrangement. 11) These problems can reduce the sensitivity of the biosensor owing to interference with electron transfer (ET), whereas the immobilization method increased the orientation and stability of the enzymes.
12) Direct ET is thus possible with these enzyme molecules. It is clear that when the enzymes are oriented such that the prosthetic group is pointed towards the surface of the electrode, the rate of direct ET can be markedly increased. 13) Compared with the traditional spectro-photometric and fluorimetric methods of aminotransferase measurement, 14) our novel analytical device offers several important advantages. Readout is obtained within minutes of application of microvolumes of sample and the reduced physical dimensions of the device, relative stability of the reagents used, and simple electronics should allow the development of a hand-held device to be used in point-of-care assay of ALT and AST.
Reproducibility of the electrochemical biosensor array
The reproducibility of glutamate electrodes in the measurement of ALT and AST was tested using six different activities of standard solutions. Three sensors were used for each sample activity. The test results, calculated means, and relative standard deviations (R.S.D.) are listed in Table 1 . The calculated R.S.D. values of ALT and AST were below 7%. These reproducibility results suggest that the biosensors can be a practical alternative to what is currently available.
15)
Electrode stability The storage stability of biosensors is a critical feature in the context of potential pharmaceutical and industrial applications. 16) Instability of an enzyme sensor is generally the result of loss and deactivation of the enzymes immobilized on the electrode and so it was examined by checking periodically the relative response for 130 d. The system was stored frozen in phosphate buffer at À4 C when not in use. As shown in Fig. 7 , the sensor response was recorded as a function of time. It remained stable, without loss in activity for 120 d, but the enzymatic activity decreased below 75% of the initial activity after a storage period of 130 d. The decreased activity of the enzymatic electrode during storage can be attributed to mechanical damage to the enzymatic membrane as evidenced by the microscopic evidence of membrane peeling.
17)
Conclusions
In this study, we designed and developed an electrochemical biosensor array system to detect ALT and AST levels in aqueous fluid samples. The electrode was immobilized with GlutOD using a silanization technique on Pt working electrodes of a porous structure. This integrated biosensor can be applied to determine ALT and AST activities in clinical testing. The system meets the clinical requirements for measurement of abnormal elevation of these enzymes in serum. Hence, it is possible to manufacture a portable measuring device with functions that fulfill the requirement of amperometric measurement with potential applications as a point-of-care ALT/AST biosensor in diagnostic and home use. 
